T exTure analysis of MRI data from cerebral tumors has been shown to be an important tool for characterizing the microenvironment within these neoplasms, and after the first efforts to correlate histopathology with contrast enhancement, 6 "radiomics" has turned out to be a promising but still-emerging concept in radiation oncology. 1, 13, 17 This tool applies to not only intracerebral malignancies (e.g., glioblastomas and metastases 3, 8, 15 ) but also benign extracerebral growths (e.g., meningiomas).
Carrying this concept to clinical application in radiosurgery, Speckter et al. 19 described a significant predictive value of FA and other DTI parameters, measured before treatment, for volume reduction after Gamma Knife radiosurgery (GKRS) in meningiomas. In their study, only the mean values of 6 different DTI parameters were compared to predict the success of GKRS, and T1-and T2-weighted image sequences were not included. However, T1-and T2-weighted imaging is still the workhorse of brain tumor MRI; to date, DTI has rarely been used in routine imaging.
We conducted our study for 2 reasons, 1) to look for additional (and possibly better) correlations between DTI parameters and volumetric tumor response by including skewness of tensor shape (SK) and evaluating additional features of the data histograms as the percentile distribution and kurtosis and 2) to investigate whether histogram analysis of routine MRI sequences can contribute to predicting the outcome of GKRS.
Methods
This partially retrospective study was approved by the institutional review board at CEDIMAT hospital and included some pre-GKRS imaging data from the Speckter et al. 19 study mentioned earlier. However, tumor volume changes in these patients were updated according to more recent follow-up examination results.
Patients and Meningiomas
Included were 32 patients between 26.8 and 80.4 years of age with an imaging-diagnosed tumor that we believed radiographically represented a benign meningioma and treated at our Gamma Knife center. MRI had been performed within 2 months before their GKRS, and followup data from at least 1 MR scan after an interval of 18 months or more (range 19.5-63.3 months) were available (mean follow-up period 3 years) ( Table 1) . Twenty-three meningiomas were localized at the cranial base, 2 at the tentorium, and 7 at the convexity. We were able to retrieve histology results from 6 of 7 cases in which a preceding operation was documented; 4 of the tumors were characterized as meningothelial and psammomatous meningioma and 2 as a fibroblastic subtype, all without atypical features. Tumor sizes ranged between 0.6 and 22.5 cm 
Gamma Knife Treatment
GKRS was performed on a Leksell Gamma Knife unit (model 4C, Elekta). Depending on tumor size and localization, the margin dose varied from 9.7 to 18 Gy ( Table  1) . The treatment was planned on a Leksell GammaPlan 10.1 workstation (Elekta) to carefully avoid undue radiation to sensitive structures such as the optic system or the cochlea and to keep the coverage index as high as possible (mean 96.8%). The margin dose was 12-18 Gy (mean 13.9 Gy) applied in a single session with the exception of 1 case, which was treated by hypofractionated GKRS (3 × 5 Gy, corresponding to a single fraction equivalent dose of 9.7 Gy, applying an α/β ratio of 3.76 Gy, according to Vernimmen and Slabbert 23 ).
MRI
MRI was performed on a 3-T scanner (Achieva, Philips). Apart from 3D T1-and routine T2-weighted sequences before and after the injection of contrast medium, the following sequence parameters were measured in each DTI pretreatment scan: gradient directions 32; b = 0 and 800 mm 2 /second; measured voxel size 2 × 2 × 2 mm; 60 slices covering the whole head; SENSE factor 2; and acquisition time 4.5 minutes.
Postprocessing
Tumor volumes were outlined and measured from 3D T1-weighted contrast-enhanced images on the Leksell GammaPlan workstation.
From the DTI data, b0 images, and maps of FA, median, axial, and radial diffusivity values were calculated, as were the longitudinal, planar, and spherical indices of the tensor ellipsoids (longitudinal index [Cl] , planar index [CP] , and spherical index [Cs] , respectively) and the 3 eigenvalues L1 (equivalent to axial diffusivity), L2, and L3, respectively, using the program ExploreDTI (http:// exploredti.com).
14 From the histograms of L1, L2, and L3 data, a voxel-wise SK map was calculated. SK corresponds to the third moment of the eigenvalues 5 and is related to the shape of the diffusion ellipsoid.
MRIcro software (https://www.mccauslandcenter. sc.edu/ crnl/) was used to outline regions of interest interactively on b0 images covering the tumor. After transference to the DTI parameter maps, the corresponding values were measured as histograms. In the same way, data were collected from T1-weighted images before and after the injection of contrast medium and from T2-weighted images and related to the means taken from 6 different regions of interest placed into the genu and splenium of the corpus callosum of the same images.
For all meningiomas, a total of 3 histograms were derived from conventional imaging, and another 10 histograms were derived from DTI data sets. From the data from all 13 histograms, the following 6 parameters were calculated: mean, SD, 2.5th and 97.5th percentile, skewness (of the histogram), and kurtosis (Figs. 1 and 2), giving a total data set that included 78 parameters. In a second step, these 78 parameters were correlated with lesion volume change in each of the 32 meningiomas after a mean follow-up period of 3 years.
Using the functionality of the statistical package SPSS 15.0 (SPSS, Inc.), we performed a partial correlation analysis and correlated the change in tumor volume after GKRS to the various DTI parameters after correcting for the follow-up period, lesion size, margin dose, and patient age, entered as control variables. We also conducted a linear regression analysis with tumor volume change per month as a dependent variable and the previously mentioned parameters as independent variables to determine which parameter or combination of parameters could best explain the variance in volume change. Because 78 data sets were included, results of the significance calculation had to be corrected for family-wise error using false-detection-rate correction (www.sdmproject.com/utilities/?show=FDR).
2
The level of significance was set to 95%.
Results
After a follow-up period of at least 18 months (mean 3 years [35.7 months]), the mean tumor volume reduction was 29% ± 25.4%, which amounts to a rate of 0.92% per month (Table 1) . At the last follow-up, 27 of 32 meningiomas had regressed, 4 had stayed stable within a ± 15% volume change range, 9 and 1 meningioma had progressed (Table 2 and Fig. 3 ).
After we adjusted for patient age, tumor size, margin dose during GKRS, and follow-up period, we found a significant negative correlation between the reduction in tumor volume and mean FA values measured before GKRS (correlation coefficient [CC] −0.639, p ≤ 0.001). A significant negative correlation was found between change in tumor volume and Cp and the calculated skewness values (CC −0.675 and −0.680, p ≤ 0.001 for both), whereas the correlation to the Cs was positive (CC −0.646, p ≤ 0.001) ( Table 3) . Among the other parameters calculated from the histograms, the 2.5th and 97.5th percentiles of Cp and Cs had highly significant correlations to tumor shrinkage (p ≤ 0.001), as did the 2.5th percentiles from SK and FA. The highest CC of the whole study (0.739) was that of the 2.5th percentile of L3, the smallest eigenvalue (Fig. 4) .
Most of the DTI parameters clearly identified the only meningioma that presented progression in this study (Table 2 ). This meningioma progressed continuously after GKRS; the volume had increased by 45.0% (0.74%/ month) at the latest follow-up visit, which was performed 60.4 months after GKRS. Most DTI parameters presented an extreme value for this meningioma, outside the region of values for stable meningiomas or for those that have regressed (Table 2) .
From the parameters calculated from the non-DTI data, only the SD values from T2-weighted images correlated significantly with tumor change per month (CC 0.505, p ≤ 0.05). The SD of T2-weighted images was lowest for the only meningioma that progressed (Table 2 and Fig.  4 ). Meningiomas with a poorer response to GKRS can be identified directly on T2-weighted images, because their depiction is less homogenous than that for meningiomas that respond well to GKRS (Fig. 5 )
Linear correlation analysis with the inclusion of the 9 parameters with the highest CCs and the SD of T2-weighted images as independent variables and volume change per month as a dependent variable revealed an important contribution of the 2.5th percentile from FA data to explain 49.2% of the variance in tumor change, which increased to 59.2% by adding the SD of T2-weighted images.
We examined other factors for correlation with volume regression, including initial tumor size, margin dose, tumor coverage, patient age, and follow-up period. Of these parameters, patient age, initial tumor size, and follow-up period correlated negatively, whereas margin dose and tumor coverage correlated positively with posttreatment reduction in tumor size but did not reach significance (initial tumor size, CC −0.12; margin dose, CC 0.10; tumor coverage, CC 0.03; patient age, CC −0.32; and follow-up period, CC −0.33).
Discussion
Conventional resection of meningiomas is frequently preferred currently over stereotactic radiosurgery (SRS). Prediction of volumetric control after SRS can provide important information for selecting an adequate treatment strategy. A predicted fast tumor-shrinkage rate can offer an additional argument in favor of SRS. Also, in cases of a predicted good response, one might reduce the
FIG. 1.
Analysis parameters applied to routine imaging and DTI parameter maps in this study. CE = contrast enhanced; T1w = T1 weighted; T2w = T2 weighted. radiation dose to reduce the risk of adverse radiation effects. In contrast, if tumor progression after SRS is predicted, one might consider increasing the radiation dose or ponder performing conventional resection.
Texture analysis based on MRI data revealed a highly significant correlation between DTI data, mainly FA, Cp, and L3, and the rate of tumor volume reduction per month. In this way, previous results 19 were confirmed by including a larger number of patients, a longer follow-up period, and the application of a different software package for calculating DTI parameters.
Again, the meningioma with highest mean FA value was the only meningioma that progressed after GKRS. Stable controlled meningiomas, those that stayed within the ± 15% limit of volume variation, 9 presented relatively high FA values. By including additional DTI parameters and histogram-evaluation methods (SD, percentiles, kurtosis, and skewness), tissue pattern analysis was set on a broader basis and thus identified the 2.5th percentiles of FA, Cp, and L3 values as the 3 parameters with the highest correlations to tumor change after GKRS. FA and Cp had been demonstrated to differentiate between fibroblastic and other subtypes, 11, 22 whereas SK was the best parameter for identifying meningiomas of a higher grade. 24 Apart from DTI parameters, data from sequences of routine MRI examinations were included in the study in the form of T1-weighted images created before and after the injection of contrast medium and T2-weighted images. However, only 1 of these parameters, the SD of T2-weighted images, correlated significantly with tumor volume change after GKRS. In previous studies, increased T2 values were reported to relate to a soft consistency of the meningioma, increased vascularity, cellular atypia, and angioblastic or melanocytic components, 4, 16, 20 as well as cystic degeneration and ischemic necrosis. 10 Because the SD was calculated in this study on a voxel-wise basis, high SD values might represent a decrease in tumor microenvironment homogeneity. According to regression analysis, the SD of T2-weight- ed data from anatomical images and FA from DTI images both contribute to the variance or "explain" the variance of posttreatment change in tumor volume. A cross-correlation analysis between both parameters revealed a very low CC of −0.19. Although both values are predictive for tumor control, the insignificant cross-correlation indicates that there are 2 independent mechanisms involved. Increased vascularity, cellular atypia, and angioblastic or melanocytic components, which are detected with T2-weighted images, are probably independent of fiber structure detected with DTI. The results of previous studies suggest that DTI parameters can differentiate between meningioma subtypes. 11, 22 Based on this observation, one can combine these 2 independent values to improve the predictive value of imaging for tumor control with radiosurgery.
Pre-GKRS histology results were available in only 6 of our 32 cases, so we could not draw any conclusions related to grading, subtypes, or their specific radiosensitivity. Another disadvantage of this retrospective study was the lack of a more sophisticated second-level tissue pattern analysis, such as the co-occurrence of anisotropic gradient orientations or calculation of Shannon entropy, 12,18 which was not available to us, or perfusion data, which we did not acquire during the pretreatment MR examination to assess tumor vascularity.
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Conclusions
The prediction of volumetric response after radiosurgery can influence therapeutic strategies, such as modifying radiation dose, or strengthen the case for radiosurgery over conventional resection. The results of our texture analysis indicate that DTI-derived parameters have a higher correlation to shrinkage of meningioma volume after GKRS than do data from T1-and T2-weighted sequences. If only routine MR images are available, the SD of T2-weighted images can be used to predict treatment success. However, MRI results should be compared to tumor volume reduction and histopathological findings in a prospective study with a larger cohort of patients to strengthen the underlying oncological basis. 
